The realization of efficient III-V lasers directly grown on Si substrates is highly desirable for large-scale and low-cost silicon based optoelectronic integrated circuits. However, it has been hindered by the high threading dislocation (TD) density generated at the interface between III-V compounds and Si substrates. Introducing dislocation filter layers (DFLs) to suppress the TD propagation into the active region becomes a key factor for realising lasers with advanced performance. In this paper, optimization of InGaAs/GaAs DFLs in III-V quantum dot (QD) lasers on Si is demonstrated. Based on these optimized DFLs and other strategies, we have achieved a high performance electrically pumped QD laser on a Si substrate with threshold current density of 62.5 A cm -2 , over 105 mW output power, maximum operation temperature of 120 °C and over 100,158 h of extrapolated lifetime.
INTRODUCTION
According to the Moore's law, the number of transistors per square inch on integrated circuit (IC) doubles every 18 months [1] , increasing processing speed. However, the shortcomings of metal interconnections increase as the speed increases, such as heat dissipation, current leakage and chemical or material issues. Substituting metal connections with optical connections is one of the promising ways around these limitations. Although Si photonics has been studied intensively and has borne fruit [1] , a reliable and high-efficiency Si-based lightemitting source remains a research challenge due to the indirect bandgap structure of silicon which is not an efficient emitter material [2, 3] . Comparing with Si, III-V compounds have superior electronic and optical properties as the active region for a light emitter. Thus, the integration of III-V compounds on Si substrates, by wafer bonding or monolithic growth, has been considered as the most practical approach to achieve a Si-based light emitter [5] [6] [7] [8] [9] [10] [11] [12] . Despite the attractive results, with milliwatt output power and high temperature operation (over 100 °C) being achieved from lasers by using wafer bonding [13] , this method still suffers from low yield for massive production. Monolithic growth of III-V compounds on Si substrates, provides an ideal solution for laser fabrication.
However, there are still some issues that limit the performance of lasers when using monolithic growth method. Firstly, due to the polar and non-polar epitaxial growth of III-V compounds and Si substrate, the formation of antiphase domains (APDs) between III-V/Si results. Moreover, lattice mismatch and incompatible thermal expansion coefficients between III-V compounds and Si material are the major issues of the monolithic growth method, which will introduce a high density of threading dislocations (TDs) [4] . The APDs can be eliminated by using off-cut Si substrates and multi-step growth method. However, a tougher task is to deal with the high density of TDs. These TDs may propagate to the active region and cause non-radiative recombination, which leads to the degradation of laser devices. Strained layer superlattice (SLS) structures, i.e., dislocation filter layers (DFLs), could play a crucial role to suppress the propagations of TDs into the active region. Although the density of TDs could be reduced significantly after introducing DFLs, an advanced InAs/GaAs dot-in-a-well (DWELL) structure is desirable as the active region. This is because the unique properties of quantum dots (QDs), including low defect sensitivity, low threshold current density and temperature insensitive operation, which can lead to more stable and better performance of QD lasers compared with quantum well (QW) structure laser [14] [15] [16] .
In this work, we first optimized the InGaAs/GaAs SLSs DFLs by adjusting growth conditions of GaAs spacer layer and structures of SLSs [17] . After that, based on this optimization of DFLs, we also combine the strategies of a nucleation layer made of AlAs and in-situ thermal annealing of DFLs to achieve a low dislocation density of 1×10 5 cm -2 in the III-V epilayers. These methods contribute to a high performance III-V QD on Si laser with a low threshold current of 62.5 A cm -2 and over 105 mW output power at room temperature under continuouswave (c.w.) operation. Finally, a lifetime study is implemented on this Si-based InAs/GaAs QD. Over 100,158 hours extrapolated lifetime suggest a high feasibility of delivering commercial III-V QD lasers directly grown on Si substrates [18] .
OPTIMIZATION OF DFLS OF INAS/GAAS QD LASERS ON SI

Epitaxial Growth structure
In order to optimize the DFLs, a typical QD laser structure was grown on Si substrate by solid-source molecular beam epitaxy (MBE) as shown in Figure 1 . A phosphorous-doped Si(100) wafer with a 4° offcut to the [011] plane was used as the substrate. The Si substrate was first prepared by oxide desorption at 900 °C for 30 min, and then a 1 µm GaAs buffer layer was grown with two steps: first 30 nm growth of GaAa layer at 380 °C with 0.1 monolayers/s (ML/s) growth rate and the remaining 970 nm GaAs was grown at high temperature with 0.7 ML/s growth rate. Three layers of InGaAs/GaAs SLSs for DFLs were utilized, each set of DFL including a 350 nm GaAs spacer layer and InGaAs/GaAs SLSs. In this DFL optimization, the first study is to investigate the growth condition of SLSs and GaAs spacer layer. Two different growth methods are introduced as illustrated in Fig. 2 (a): in method I, a 350 nm GaAs spacer layer was grown with the temperature heating up from 420 °C to 610 °C, while in method II, the GaAs layer was grown at a stable temperature of 610 °C. In both cases, InGaAs/GaAs SLSs were grown at 420 °C. In additional, we also studied the influence of indium composition and thickness of GaAs in In x Ga 1-x As/GaAs SLSs on the efficiency of DFLs by changing x=0.16, 0.18 and 0.2 for indium composition and the GaAs thickness to 8, 9 and 10 nm in SLSs. For the active region of the laser structure, five sets of InAs/GaAs DWELL structure were sandwiched between GaAs/AlGaAs layers. Each set of DWELL was assembled by 3 ML InAs QDs which were deposited on 2 nm InGaAs and cladded by 5 nm GaAs and 6 nm InGaAs. The DWELLs were grown at 510 °C while each layer was separated by a 45 nm spacer layer of GaAs. 
Results and Discussion
To understand the effect of DFLs, photoluminescence (PL) peak intensity measurements are performed from sample A to F, which are shown in Table 1 . These six samples are divided into three group studies: i) sample A and B used growth method I and II of spacer layers; ii) indium composition of In x Ga 1-x As DFLs was changed to x=0.16, 0.18 and 0.2 in sample C, B and D, respectively; iii) studies of the thickness of GaAs in SLSs were undertaken in samples B, E and F, which the thickness varies from 10 nm to 8 nm. Fig. 3 gives the measurement results of PL peak intensity and full wave at half maximum (FWHM) of these three group studies at room temperature. When we used method II to grow GaAs spacer layer at temperature 610 °C, a three times stronger PL intensity was observed than that when the samples were grown by using method I (sample A), but the wavelength and FWHM keep almost unchanged as shown in Fig. 3(a) . These PL emissions represent a significant improvement of DFLs using growth method II, and this advance can be attributed to the improved material quality after in-situ annealing of SLSs. Compared with growth method I, method II provides a high temperature growth condition for the GaAs spacer layer. This high temperature increases the motions of dislocations; this can lead them to meet and eliminate each other so that a low defect density was achieved on sample B. In this case, less non-radioactive recombination will occur in the active region, which could explain why a much higher PL peak intensity was achieved in growth method II.
In Fig.3 (b) , the PL intensity spectra of samples B, C and D are presented with different indium composition of SLSs. When x= 0.18, we achieved the maximum PL intensity value from sample B, which is about 30 % and 40 % higher than that of sample C and D, respectively. Although the purpose of SLSs is to stop and annihilate dislocations, unfortunately a higher indium composition may cause an increase in strain-induced defects in DFLs instead of suppressing them. In contrast, a lower indium composition in InGaAs might lead to degrading the efficiency of DFLs in blocking the propagation of dislocations. In this study, a compromise of indium composition between the generation of strain-induced defects and the efficacy of SLSs was determined. It is a good balance of x=0.18, which provides the best crystal quantity.
Moreover, the effect of thickness of GaAs in SLSs on the performance of DFLs was investigated. As shown in Fig. 3(c) , it is clear that the PL intensities of sample B and E have comparable values with 10 nm and 9 nm thickness of GaAs. However, the PL intensity of sample F, who has 8 nm thickness, is significant lower (50%) than sample B and E. This could be explained by the accumulated strain in too thin GaAs layers in SLSs which degrades the quality of DFLs. To figure out the working details of DFLs, cross-sectional transmission electron microscopy (TEM) images of DFLs in sample B is shown in Fig. 4 . As we can see, the three sets of SLSs can stop and annihilate TDs effectively. According to these three group studies, the most effective DFLs were grown by in-situ thermal annealing method with x =0.18 and 10 nm thickness of GaAs in SLSs. 
Growth and fabrication of Laser structure
Si-based QD laser devices have been further investigated by exploiting the results of optimization of DFLs in Section 2. A 4° off-cut phosphorus-doped Si (100) substrate is used to annihilate APDs. In order to improve the epitaxy growth between the interface of Si and III-V compounds, an AlAs nucleation layer with 6 nm thickness (Fig. 5a) was grown first at a low growth temperature of 350 °C. After that, a 1 μm thick GaAs buffer layer was grown using a three-step growth technique at 350, 450 and 590 °C for 30, 170 and 800 nm, respectively. Fig.5 (b) is a TEM image of the GaAs buffer and DFLs. Most of dislocations are well confined in the first 200 nm buffer layer (position 1), which is attributed to the AlAs nucleation layer and good crystal of GaAs buffer layer using the three step growth method. Five sets of optimized In 0.18 Ga 0.82 As/GaAs SLSs DFLs are grown with the purpose of reducing the high TD density and stopping propagation of TDs into the active region. In-situ thermal annealing of SLSs was also performed in the MBE reactor in order to further improve the efficacy of DFLs, by increasing the motion of defects and thereby raising the probability of annihilation between the defects. As shown in Fig.5 (c) , the TD density before the first set of SLSs (position 1) is greater than 1×10 9 cm -2 . It has been significantly reduced to the order of 1×10 5 cm -2 after five sets of SLSs. Five layers of InAs/GaAs DWELL structures with good QD uniformity and a dot density of around 3×10 10 cm -2 were formed as active region, where a PL emission at 1,300 nm was obtained (Fig. 6d) . Each layer of DWELL comprised a 3ML InAs QD in the middle of 2 nm In 0.15 Ga 0.85 As and 6 nm In 0.15 Ga 0.85 As, and was separated by 50 nm GaAs spacer layer. The whole DWELL structures were sandwiched between 1.4 μm Al 0.4 Ga 0.6 As p-doped and n-doped cladding layers. Finally, a 300 nm highly p-doped GaAs was grown as the contacting layer.
This lasers were fabricated as 50 µm wide stripe broad-area lasers by using standard lithography and wet chemical etching techniques (Fig. 6) . The ridge was etched to about 100 nm above the active region in order to give improved carrier confinement. Ti/Pt/Au and Ni/GeAu/Ni/Au were deposited on the p + -GaAs contact layer and exposed n + -GaAs buffer layer to form the p-and n-contacts. The lasers were cleaved to mirror-like facets and no facet coating was applied, as shown in Fig. 6 . 
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CONCLUSION
In this paper, we have firstly investigated the optimization of InGaAs/GaAs SLSs DFLs with three variations: i) the growth condition of GaAs spacer layers; ii) the indium composition of InGaAs SLSs; and iii) the thickness of GaAs in SLSs. Comparison and analysis for each sample was carried out in order to achieve maximum efficacy of DFLs. This effort combined with the use of an AlAs nucleation layer, three step GaAs buffer layer growth and using QDs in the active region contributes to a remarkable result of an electrically-pumped III-V QD laser directly grown on Si substrate. Current density of 62.5 A cm -2 and over 105 mw output power under c.w. operation were achieved from these lasers, which can lase up to 120°C under pulsed operation. Finally, an extrapolated lifetime of over 100,158 h lifetime provides a major step to delivering commercial III-V QD lasers on Si substrates.
